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ABSTRACT
Poplars have become one of the most frequently studied plant species
for their applications in biotechnology, commercial benefits, and ecological
importance. Microarray analysis is commonly used to analyze differential gene
expression in many organisms. Investigations have examined differential gene
expression and performed functional analyses on a single tissue or organ within
poplar trees or a closely related set of tissues and organs, but usually do not broadly
analyze gene expression across a large number of tissues and organs in poplar. This
thesis work aims to generate data on the most differentially expressed genes for the
major groups of tissues and organs of poplar and analyze the results with comparison
to prior studies. Publicly available expression value files were normalized and
analyzed using established methods for identification of differentially expressed
genes. Then, a stringent selection of statistical tests including correlation analysis was
used to identify genes highly expressed in each tissue and organ group and compare
findings with the results of prior related investigations. This method identified
thousands of tissue-enriched genes for each of the tissue/organ groups analyzed,
with the root and seedling groups showing the highest numbers and the bark and
phloem groups with the lowest. Importantly, we also identified ten genes in each
group that were highly specific for that tissue, although the function of many of these
genes is not yet known.
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AIM AND OBJECTIVES

The main aim of this work is to identify genes that are differentially expressed
in the tissues and organs of Populus trichocarpa through statistical analysis of
microarray data.

Objectives
1. Identification of microarray investigations that include different organs and
tissues from poplar
2. Organization and statistical analysis of results to identify groups of significant
genes
3. Analyzing and comparing data to previous investigations
4. Identification of genes uniquely expressed in the roots and development of
primers for promoter cloning
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INTRODUCTION

Poplars
Populus refers to the genus of trees with many species that include
cottonwoods, balsams, and aspens. Of the approximate thirty-five different species of
poplars, many today are frequently studied and genetically modified in order to
increase understanding and functional use of poplar trees. With the publishing of the
Populus trichocarpa genome in 2006, the number of these studies have been able to
increase substantially (Tuskan et al, 2006). This relatively small genome size
combined with rapid growth has led to poplars becoming a significant woody plant
model organism and one of the most studied trees worldwide (Zalesny et al, 2018).
The utility of poplar trees is broad with applications in biotechnology,
ecological studies, and commercial purposes. Many biotechnology studies in poplar
focus on improving techniques and outcomes of genetic modification. With significant
diversity within the genus, poplar hybrids can be produced with ease. Genetic studies
have traditionally focused on producing beneficial traits in the plant including insect
and herbicide resistance, drought tolerance, and ability to produce high yield in a
range of geographic conditions (Sannigrahi, Ragauskas, & Tuskan, 2010).
In recent years, poplars have gained significant commercial interest for their
potential as biofuel feedstock along with trees including southern pines and willows.
The organic matter utilized as a fuel source is referred to as biomass, which can be
converted to multiple energy sources that include electricity and transportation fuels
(Sannigrahi, Ragauskas, & Tuskan, 2010). Compared to other woody crops, they are
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especially well suited as a renewable energy resource due to their ability to grow to
a significant size in a short period of time. Furthermore, they contain high amounts of
cellulose and low amounts of lignin that make them easier to break down (Yang et al,
2019). Scientists continue to explore ways to genetically modify poplars so that they
can more easily separate lignin from cellulose in order to yield cleaner results (Halpin
et al, 2007).
Poplars are also important for the environment with applications in
biodiversity and sustainability. Within their ecosystem, poplars serve as a habitat and
food source for many insect species and other wildlife (Rotach, 2004). They also have
been extensively studied for use in phytoremediation, a process that uses plants to
remove or eliminate various toxins in soil, air, and groundwater (Zalesny et al,
2018). As environmental degradation and commercial uses of poplar continue to
increase, it becomes more critical to investigate the genetic background of the species
and find ways to modify them to meet both economic and environmental demand.

Regulation of Gene Expression
Genes must be highly regulated in order to produce the correct proteins in a
variety of cell types, stages of development, or in response to stimuli (Kuhlmeier,
Green, & Chua, 1987). Each cell in an organism contains the same genetic information,
but only a small portion of genes are expressed in a particular cell type. The regulation
of gene transcripts and protein products in a cell determine its function with
regulation separated into three major levels. First, chromatin structure influences
expression through methylation, histone modification, and scaffold alterations which
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affect access to genetic material. The next level involves numerous factors that
control transcription of DNA into RNA. Finally, expression can be modified during and
after translation of RNA into protein (Bassett, 2007).
A majority of genes in eukaryotic organisms are regulated during the process
of transcription (Griffiths et al, 2000). Eukaryotic genomes typically have significant
portions of noncoding DNA called introns which are located between exons, the genes
that are transcribed to code for a protein (Bassett, 2007). Promoters are DNA
sequences that are located upstream of a coding region and determine where
transcription begins. They can be difficult to locate but contain common structural
elements that help in identification (Rombauts et al, 2003). When located on the
molecule of DNA being transcribed, these are called cis-regulatory elements. Though
cis-elements themselves are embedded in noncoding DNA, they impact expression of
neighboring genes that contribute to cellular differentiation (Alberts et al, 2002). This
is mediated by the binding of transcription factors to the sequences within the
promoter of a target gene (Franco-Zorrilla et al, 2014). From a further distance, ciselements called enhancers and silencers respectively increase or diminish gene
expression (Griffiths et al, 2000).
In plants, genetic regulation is also largely dependent on many abiotic
stressors including temperature, light exposure, lack of water, and abundance of
nutrients (Petrillo et al, 2014). These contribute to the complex network of gene
regulation that can be described through the concept of combinatorial control, in
which the interactions of transcription factors, promoters, signaling pathways, and
external conditions result in a vast number of products (Singh, 1998). Plant cells use
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these regulatory elements to shape and develop different tissues and organs both in
the embryonic phase and continuously throughout their lifetime (Franco-Zorilla et al,
2014). In order to utilize genetic engineering technology to modify targeted traits in
an organism, an essential first step is measure and analyze differential expression to
identify tissue-specific genes.

Expression Analysis
Techniques for gene expression profiling have advanced significantly in recent
years. Northern and Southern blot analyses were originally used to quantify gene
expression in RNA and DNA. The process of hybridization serves as the basis for both
as nucleotide fragments attach to complementary DNA (cDNA) fragments. These
techniques require running one gene on a gel at a time, making them useful for
measuring changes in gene expression in varying conditions but slow and insufficient
for large scale genomic studies (Tarca, Romero, & Draghici, 2008).
The microarray, however, serves as a way to measure gene expression for
numerous genes to allow for comparison of expression and identification of
variations that influence phenotype (Alberts et al, 2002). The general concept behind
the microarray is that DNA or RNA is attached to a surface and the concentration of
nucleic acids can be measured following hybridization of a particular sample
(Bumgarner et al, 2013). One experiment can be used to analyze the expression of
tens of thousands of genes, so this process is followed by normalization of data to
account for technical variations that can skew the relative comparisons of raw gene
expression (Tarca, Romero, & Draghici, 2008).
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Rapid technological advances in the following decades evolved into modern
microarrays that can be applied to numerous fields including pharmacology, disease
diagnosis, and toxicology (Ding et al, 2007). Arrays are now produced using smaller,
single-stranded sequences of genetic data called oligonucleotides. This transition
allows for greater specificity in binding targets and more accurate results.
Microarrays can vary significantly in probe length, method of manufacturing, and the
quantity of samples that can be profiled simultaneously (Tarca, Romero, & Draghici,
2008). They are broadly categorized as spotted arrays, in-situ synthesized arrays, and
self-assembled arrays depending on their format. The in-situ synthesized array
format is one of the most widely used. This method is dependent on light-directed
chemical synthesis which activates sites to begin hybridization. The technique was
created in the 1990’s by Steven Fodor, who later founded biotechnology company
Affymetrix Inc. This brand of microarray utilizes technology that directly synthesizes
DNA to the surface of a chip and only requires a small number of reagents for
production (Bumgarner et al, 2013).
The most significant drawbacks to the microarray are imprecise
quantifications and the need to know which genetic sequences are present before
testing. Today, the more prevalent method of gene expression quantification is RNAsequencing (termed RNA-Seq). This method also uses cDNA fragments but directly
sequences each to determine the expression level of each gene rather than producing
relative comparisons as the microarray does. (Wang et al, 2009). Still, the microarray
is reliable for many applications and can be more cost-effective than RNA-Seq
(Mantione et al, 2014). Often multiple methods of measuring gene expression are
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used consecutively in order to confirm findings and prevent false positive results
(Ding et al, 2007).

Prior Investigations
The ability to genetically modify trees with desired phenotypes can be useful
in many agricultural and commercial applications (Nguyen et al, 2017). An increasing
number of studies have been conducted in recent years evaluating differential
expression of tissue groups within Populus due to its ease of growth and moderately
sized genome. These studies use a number of techniques including microarray
analysis in order to isolate and identify novel genes, followed by transformation to
analyze and characterize gene function.
One investigation aimed to produce utility promoters that could control
development of poplar to drive expression of xylem-specific genes. Microarray
analysis was first used to identify probe sets with high specificity and level of
expression in developing xylem, confirming their results with semi-quantitative RTPCR. Then, promoters for these genes were attached to the reporter gene GUS to be
introduced into and create transgenic poplar plants. GUS activity was then analyzed
to identify gene models which were strongly and differentially expressed in
developing xylem that were successfully introduced into Populus to be used to
genetically modify xylem cells for commercial use in the production of woody
biomass (Ko et al, 2012).
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A later study with similar objectives worked to develop a promoter which
could drive targeted expression of phloem development in poplar. Wholetranscriptome microarray analysis was also used to identify candidate phloemspecific genes, with statistical analyses used to identify the five most phloem-specific
genes from an initial eighty-one genes. Instead of confirmation studies in the same
species, Arabidopsis thaliana was used as a model to transform and analyze
differential expression of these five genes. One promoter in particular, PtrDP3, was
found to have the highest exclusivity to phloem tissue and was then used to create
transgenic poplar plants also with a GUS reporter gene. Various stimuli were then
applied to the transformed seedlings to determine if expression would be affected,
but abiotic stressors and several plant growth regulators did not have a significant
impact on expression of the gene of interest (Nguyen et al, 2017).
Several other related studies have used comparable methods in order to
isolate singular or a small group of genes found to have significant roles in catkin,
meristem, and root development in poplar (Rottman et al, 2000; Strauss et al, 2009;
and Filichken et al, 2006). The present study, informed by the data and procedures
of previous investigations, aims to further identify critical genes in poplar on a
larger scale by generating lists of the most differentially expressed genes in twelve
tissue and organ groups in poplar. Identification and a preliminary analysis of these
genes allows for development of promoters that could be valuable tools for gene
functional studies and other applications in biotechnology.
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MATERIALS AND METHODS
Microarray Data
Affymetrix poplar genome microarray data were used to evaluate levels of
gene expression in different tissues and organs of Populus. Relevant prior
investigations were identified using the data repository website NCBI GEO, the National
Center for Biotechnology Information Gene Expression Omnibus
(https://www.ncbi.nlm.nih.gov/geo/). Out of 84 possible studies available at the
time for expression profiling in poplar, four were selected to compile samples from
a variety of tissues to represent the entire organism at various stages of
development without treatments applied.

Data Analyses
Data normalization and annotation
These cel files were then combined and normalized using RMAexpress
software (Bolstad 2014). For this, a CDF file showing coordinates of each gene probe
was uploaded along with all cel files and read as an unprocessed file. Then, the data
was computed as RMA measure with standard parameters of background
adjustment, quantile normalization, and a median polish summarization. This
resulted in log2 normalized results that were written to file in tab-delineated text
format and converted to an Excel spreadsheet to be analyzed in MultiExperiment
Viewer (Howe et al, 2010) along with the third and most recent version of the
species’ annotation file (Tsai et al, 2011). This data was uploaded along with the
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poplar CDF file from Affymetrix, which specified the layout of the microarray chip
utilized and the probe sets to which each gene corresponded.

Statistical Analyses
The first statistical test performed using MeV was an Analysis of Variance
(ANOVA). At this point, the data were organized into twelve different groups
representing essential tissues and organs of Populus. The groups were as follows:
seedlings, apex, young leaf, mature leaf, bark, phloem, cambium, developing xylem,
mature xylem, roots, female catkin, and male catkin. Most groups consisted of 2-3 cel
files of combined expression value data. However, the seedling and root groups were
made up of 9 and 17 different samples in order to find results that would be consistent
over a variety of growth conditions. In this first statistical analysis, parameters were
set to identify genes and probe sets with a Bonferroni corrected p-value of p < 0.5
(Macdonald 2014).
The second statistical test was also performed within MeV using Pavlidis
Template Matching (PTM) method (Pavlidis and Noble, 2001) to filter data by results
that most closely correlate to a specified template expression pattern. For this study,
the specified template was a value of one (maximum) for the tissue/organ group
being analyzed and zero (minimum) for all other groups. The threshold p-value of the
correlation coefficient was used with a parameter of p = 0.05.

This test was

performed twelve times to collect data for the most differentially expressed genes
within each of the analyzed groups.
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In order to identify these genes considered non-tissue specific within the
measures of the PTM tests, data from all unmatched clusters in MeV was combined
and filtered through Venny BioInfoGP (https://bioinfogp.cnb.csic.es/tools/venny/)
to identify those which were considered insignificant within the twelve PTM
analyses. These probe sets were manually searched for in MeV in order to create a
cluster with all expression data and plotted to show their lack of specificity to any
particular tissue.

Expression Analysis
The results within each PTM test were organized by correlation value
(Pearson’s R) in order to find the genes that best matched the tissue-specific template.
Gene models that were currently unidentified (showing up as NA) were manually
searched for within the Poplar v3.0 annotation in order to comprise a detailed list of
most differentially expressed genes for each tissue/organ group. The following
information was included: poplar gene model (Potri), Arabidopsis gene model (TAIR),
biological process, molecular function, and correlation value. Missing information
was located using the online Phytozome database and the BLAST tool on NCBI in
order to align genetic data with closely related sequences. The number of probe sets
and genes were recorded and organized by correlation value.

Data Assessment
Following identification of the tissue and organ specific genes, a review of
literature was conducted in order to compare results of the current study and similar
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investigations in the past. This was done by searching online for articles examining
various tissue and organ groups within studies conducted on species of Populus.

Primer Design
Primers were designed for the top ten genes identified as root-specific by
PTM by locating their genomic sequence on Phytozome and copying a portion of
3,000kb upstream of the start codon into NCBI Primer-BLAST
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) to determine the appropriate
primers.
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RESULTS

Identification of Microarray Investigations
Four studies were identified and selected to be used in the current
investigation. The majority of the samples came from a study investigating the
family of R2R3-MYB transcription factors which regulate specialized cell processes
in poplar. Samples were extracted from the plant’s xylem, young and mature leaves,
male and female catkins, roots, as well as seedlings grown in varying conditions
(Wilkins et al, 2009). Samples from this study were selected as they represented
many different tissues and organs of poplar.
The samples for root tissue were compiled from the above study as well as
another examining the effect of nitrogen deprivation on poplar root development
with samples aged at 6, 12, 24, 48, 96, and 504 hours. The study aimed to identify
networks of genes that work together in root growth regulation under different
conditions (Wei et al, 2013). These samples were selected to be used in the present
study to identify genes that were critical to root tissue differentiation in early stages
of growth.
Additional samples for developing and mature xylem tissue were used from
an investigation that used microarray analysis to identify genes critical to xylem
development in order to develop utility promoters for those genes (Ko et al, 2011).
These data composed tissue groups for developing and mature xylem in the current
investigation to identify genes that regulated growth in each stage.
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As the previous studies did not specifically analyze the apex in poplar, another
was selected to represent this tissue group. This investigation identified a gene that
reactivated the shoot apical meristem that timed the transition from winter
dormancy. The RNA for microarray analysis was extracted from poplar hybrid INRA
717-IB6 (Yordanov et al, 2014). This data was used for identification of apex-specific
genes in the present study.

14

Table 1. Microarray Samples Utilized in the Current Analysis

Tissue/Organ
Seedlings
-Continuous light
-Transferred to light
-Etiolated
Apex
Young Leaf
Mature Leaf
Bark
Phloem
Cambium
Developing Xylem
Mature Xylem
Roots
-Control
-0 hours control
-6 hours control
-6 hours low Nitrogen
-12 hours control
-12 hours low Nitrogen
-24 hours control
-24 hours low Nitrogen
-48 hours control
-48 hours low Nitrogen
-96 hours control
-96 hours low Nitrogen
-504 hours control
-504 hours low Nitrogen
Female Catkin
Male Catkin

GEO Accession Number
GSM327281, GSM327358, GSM327380
GSM327380, GSM327397, GSM327398
GSM327400, GSM327402, GSM327403
GSM414489, GSM414490
GSM327404, GSM327405, GSM327406
GSM334224, GSM334225, GSM334226
GSM756669, GSM756670
GSM756673, GSM756674
GSM756671, GSM756672
GSM327411, GSM327412, GSM327413
GSM756675, GSM756676
GSM756679, GSM756680

Reference
Wilkins et al., 2009

Yordanov et al, 2014
Wilkins et al., 2009
Wilkins et al., 2009
Ko et al., 2011
Ko et al., 2011
Ko et al., 2011
Wilkins et al., 2009
Ko et al., 2011
Ko et al., 2011

GSM327407, GSM327408, GSM327409
GSM1057613, GSM1057614
GSM1057615, GSM1057616
GSM1057617, GSM1057618
GSM1057619, GSM1057620
GSM1057621, GSM1057622
GSM1057623, GSM1057624
GSM1057625, GSM1057626
GSM1057627, GSM1057628
GSM1057629, GSM1057630
GSM1057631, GSM1057632
GSM1057633, GSM1057634
GSM1057635, GSM1057636
GSM1057637, GSM1057638
GSM327656, GSM327657, GSM327658

Wilkins et al., 2009
Wei et al., 2013

GSM327659, GSM327660, GSM327661

Wilkins et al., 2009

Wilkins et al., 2009
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Analysis of Variance
61,413 Affymetrix probe sets were present in the initial data downloaded from
publicly available cel files. These probe sets correlated to 31,561 unique genes before
statistical analyses were performed. The analysis of variance identified 33,003 probe
sets corresponding to 21,100 unique genes to be statistically significant.

Figure 1. Significant probe sets/genes at various stages of analysis. Each
stage of analysis detailed with the quantity of significant probe sets and genes
that were identified.
Probe sets
70,000

Genes
61,413

60,000

Quantity

50,000

40,000

31,561

30,000

33,003

32,312
21,100

20,646

20,000
10,000
0
Before analyses

After ANOVA

After PTM

Analysis Stage

The expression value of significant probe sets within each group was
combined and plotted to show which groups generally had higher or lower gene
expression, with the average expression value for all ANOVA-significant probe sets
being 6.69.
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Pavlidis Template Matching
After the PTM tests were completed, a cumulative number of 32,312 probe
sets corresponding to 20,646 unique genes were identified as significantly specific to
an organ or tissue group.

For all figures and tables, the following abbreviations were utilized:
Sdl = Seedlings, Apx = Apex, YL = Young Leaf, ML = Mature Leaf, Brk = Bark, Cam =
Cambium, DX = Developing Xylem, MX = Mature Xylem, Rts = Roots, FC = Female
Catkin, MC = Male Catkin.

Figure 2. Average expression value for significant ANOVA probe sets.
This graph shows the average expression values for all probe sets by group
following the Analysis of Variance, showing a range in expression values from 6.43
(male catkins) to 6.91 (seedlings).
7
6.9

6.91
6.85

6.82

6.79

Gene Expression

6.8
6.7
6.6

6.73

6.68
6.58

6.63

6.67

6.7

6.69

6.5

6.5

6.43

6.4
6.3
6.2
6.1
6

Tissue/Organ
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Figure 3. Average expression value of insignificant probe sets identified
in PTM. The average expression values of probe sets excluded by Pavlidis Template
Matching shows that while some had high expression values, they lacked specificity
to a particular tissue or organ group.
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Gene Expression

14
12
10
8.43

8.48

8.3

8.04

8.76

8.71

8.81

8.48

8.54

8.3

8

6.49

6.3

FC

MC

6
4
2
0

Sdl

Apx

YL

ML

Brk

Cam

Phl

DX

MX

Rts

Tissue/Organ
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Table 2. Results of Pavlidis Template Matching by tissue/organ group.
Tissue/Organ Probe

Genes Probe per

sets

Genes >

Genes >

gene

0.9 R

0.7 R

Seedlings

9,250

8,225

1.12

66

829

Apex

3,706

2,912

1.27

19

123

Y. Leaf

3,801

3,164

1.2

8

79

M. Leaf

3,851

3,181

1.21

12

111

Bark

1,963

1,549

1.27

7

61

Phloem

3,036

2,629

1.15

0

16

Cambium

3,575

3,066

1.17

0

4

D. Xylem

5,456

3,902

1.17

0

221

M. Xylem

3,419

2,843

1.2

2

60

Roots

11,520

9,685

1.19

127

2005

F. Catkin

6,228

5,088

1.22

4

274

M. Catkin

5,860

4,660

1.26

2

223

This table shows the results for significant probe sets and genes, the ratio of
probe set to gene, as well as the number of genes exceeding correlation values greater
than Pearson’s R values of 0.7 and 0.9 to identify groups with genes that strongly
matched the tissue-specific templates applied in the PTM analysis.
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Figure 4. Distribution of correlation value of significant genes. Quantity
of significant genes found in Pavlidis Template Matching across all tissue and
organ groups organized by correlation value.

Figure 4. Distribution of correlation value of significant genes
Probe sets

Genes

2000

Seedlings

Apex

Young Leaf

Mature Leaf

1500

1000

500

2000

1500

Bark

Phloem

Cambium

Roots

Developing
Xylem

Mature
Xylem

Female
Catkin

Male
Catkin

1000

500

2000

1500

1000

500

.9 .8 .7 .6 .5 .4 .3 .2

.90-1 .80-. 90.70-.80.60-.70.50-.60.40-. 50.30-.40.20-.30

.90-1 .80-.90.70-.80.60-. 70.50-. 60.40-.50.30-.40.20-. 30

.90-1 .80-. 90 .70-.80 .60-.70 .50-. 60 .40-. 50 .30-.40 .20-.30

.9 .8 .7 .6 .5 .4 .3 .2

.9 .8 .7 .6 .5 .4 .3 .2

.9 .8 .7 .6 .5 .4 .3 .2

The significant genes for each tissue/organ group were organized by
correlation value (0.9-1.0, 0.8-0.9, etc.) and plotted to give a visual distribution of
correlation values of the identified genes found to be tissue-specific for each of the
twelve groups.
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Tissue Specific Results
Seedlings
9,250 probe sets and 8,225 genes were found to be significant according to the
seedling-specific expression template applied in PTM. There were 1.12 probe sets for
every gene identified. The total number of genes with a correlation value above 0.9
was 66 and the number above 0.7 was 829.

Figure 5. Seedling-specific genes. This figure shows the expression values of the
ten genes with the highest correlation value that matched as specific to the
seedlings. The corresponding table gives the poplar gene model, Arabidopsis
ortholog, description, biological process, molecular function, and correlation value
of these ten genes.
12
11
10

Gene Expression

9
8
7
6
5
4
3
2
Sdl

Apx

YL

ML

Brk

Phl

Cam

DX

MX

Rts

FC

MC

Poplar gene model

TAIR gene model

Gene description

Biological process

Molecular function

Potri.009G111900

NA

NA

NA

NA

0.9910529

R value

Potri.001G338100

AT5G40690

NA

NA

NA

0.9822548

Potri.017G013400

AT1G03790

SOM zinc finger protein

Negative regulation of seed germination

Regulation of transcription activity

0.9705004

Potri.005G212300

AT3G22640

PAP85 cupin protein

Seed germination; lipid storage

Nutrient reservoir activity

0.9677728

Potri.007G122900

AT3G21720

ICL isocitrate lyase

Metabolic process; seed dormancy process

Catalytic activity; isocitrate lyase activity

Potri.017G098000

NA

NA

NA

NA

0.9671196

Potri.012G122900

AT3G14470

NB-ARC disease resistance protein

Defense response; salicylic acid biosynthetic process

Protein binding: ADP binding

0.9653347

Potri.017G036900

AT3G21720

ICL isocitrate lyase

NA

NA

0.9650646

Potri.017G035600

NA

NA

NA

NA

0.9644641

Potri.009G111800

NA

NA

NA

NA

0.9636877

0.967216
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Apex
3,706 probe sets and 2,912 genes were found to be significant according to
the apex-specific expression template applied in PTM. There were 1.27 probe sets
for every gene identified. The total number of genes with a correlation value over
0.9 was 19 and the number above 0.7 was 123.

Figure 6. Apex-specific genes. This figure shows the expression values of the ten
genes with the highest correlation value that matched as specific to the apex. The
corresponding table gives the poplar gene model, Arabidopsis ortholog, description,
biological process, molecular function, and correlation value of these ten genes.
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Poplar gene model

TAIR gene model

Gene description

Biological process

Molecular function

Potri.006G062100

NA

NA

NA

NA

0.9881361

R-Value

Potri.006G010000

NA

NA

NA

NA

0.9824378

Potri.004G093800

AT5G48930

HCT hydroxycinnamoyl transferase

NA

NA

0.9786133

Potri.012G130900

AT5G62210

ATS3 embryo-specific protein

NA

NA

0.9759384

Potri.012G089200

NA

NA

NA

NA

0.975914

Potri.005G091900

NA

NA

NA

NA

0.9710981

Potri.014G160100

AT1G54010

GDSL lipase/acyl hydrolase protein

NA

NA

0.9710308

Potri.009G054500

AT1G51260

LPAT3 lysophosphatidyl acyltransferase

NA

NA

0.967465

Potri.013G119600

AT1G68530

KCS6 3-ketoacyl-CoA synthase

NA

NA

0.9667677

Potri.016G114300

AT2G20340

PLP-dependent transferase

Metabolic processes; wound response

Tyrosine decarboxylase activity

0.9665512
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The shoot apical meristem is the part of a plant that provides
undifferentiated cells that later become new organs and tissues. A group of genes
termed Wuschel (WUS) were first identified as critical to integrity of the apical
meristem in Arabidopsis thaliana (Laux et al, 1996). Later, poplar homologs of WUS
genes were developed to be used as reporter genes in poplar (Bao et al, 2009).
These two genes were searched for within the data of the current study and their
expression plotted.

Figure 6.1. Meristem-specific genes WUS 1 and 2. Expression values of two genes
identified as specific to the meristem in a previous study.
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These genes were not found to have significantly tissue-specific expression,
but overall high levels of expression focused in the phloem and the cambium. They
exhibited stronger expression in the phloem and cambium than in the apex, likely as
these tissues develop from the meristem.
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Young leaf
3,801 probe sets and 3,164 genes were found to be significant according to
the young leaf-specific expression template applied in PTM. There were 1.2 probe
sets for every gene identified. The total number of genes with a correlation value
over 0.9 was 8 and the number above 0.7 was 79.

Figure 7. Young leaf-specific genes. This figure shows the expression values of the
ten genes with the highest correlation value that matched as specific to the young
leaf. The corresponding table gives the poplar gene model, Arabidopsis ortholog,
description, biological process, molecular function, and correlation value of these
ten genes.
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Gene description

Biological process

Molecular function

Potri.001G394900

NA

NA

NA

NA

0.9547377

R-value

Potri.013G051100

AT5G33370

GDSL-like lipase/acylhydrolase

Lipid metabolic process

Carboxylesterase activity; hydrolase activity

0.9492685

Potri.014G166600

AT5G41040

HXXXD-type acyl-transferase

Response to nitrate

Hydroxycinnamoyltransferase activity

0.9455946

Potri.014G082700

NA

NA

NA

NA

0.9379175

Potri.019G022900

AT3G25830

TPS-CIN terpene synthase

Monoterpinoid biosynthetic process

Magnesium ion binding; terpene synthase activity

0.9228439

Potri.016G078000

AT3G52610

NA

NA

NA

0.9227145

Potri.013G052900

AT2G20340

Pyridoxal phosphate-dependent transferase

Metabolic process; wound response

Catalytic activity; tyrosine decarboxylase activity

0.9045274

Potri.002G032800

NA

NA

Metal ion transport

Metal ion binding

Potri.006G108100

AT2G38540

ATLTP1 lipid transfer protein

Lipid transport

Calmodulin binding; lipid binding

0.8931989

Potri.014G048700

NA

NA

NA

NA

0.8877873

0.903033

24

Mature leaf
3,851 probe sets and 3,181 genes were found to be significant according to
the mature leaf-specific expression template applied in PTM. There were 1.21 probe
sets for every gene identified. The total number of genes with a correlation value
over 0.9 was 12 and the number over 0.7 was 111.

Figure 8. Mature leaf-specific genes. This figure shows the expression values of
the ten genes with the highest correlation value that matched as specific to the
mature leaf. The corresponding table gives the poplar gene model, Arabidopsis
ortholog, description, biological process, molecular function, and correlation value
of these ten genes.
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Potri.004G165200

AT5G18020

SAUR-like auxin-responsive protein

Response to auxin stimulus

NA

0.9434943

R-value

Potri.015G120100

AT1G10155

PP2-A10 phloem protein

NA

NA

0.9408438

Potri.002G109400

NA

NA

NA

NA

0.9403442

Potri.014G159800

AT5G14180

MPL1 myzus persicae-induced lipase

Defense response; lipid metabolic process

Catalytic activity; lipase activity

0.9385577

Potri.001G468500

AT4G05030

Copper transport protein

NA

Metal ion binding

0.9319759

Potri.005G220700

NA

NA

NA

NA

0.9191949

Potri.009G129900

NA

NA

NA

NA

0.9159876

Potri.004G100000

AT1G67090

RBCS1A ribulose bisphosphate carboxylase

NA

NA

0.9132292

Potri.006G129700

AT3G45290

ATMLO3 seven transmembrane protein

Defense response; leaf senescense

Calmodulin binding

0.9129937

Potri.008G029700

AT2G36690

2-oxoglutarate and Fe-dependent oxygenase

Oxidation-reductin process

Oxidoreductase activity

0.9127791
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Bark
1,963 probe sets and 1,549 genes were found to be significant according to
the bark-specific expression template applied in PTM. There were 1.17 probe sets
for every gene identified. The total number of genes with a correlation value over
0.9 was 7 and the number over 0.7 was 61.

Figure 9. Bark-specific genes. This figure shows the expression values of the ten
genes with the highest correlation value that matched as specific to the bark. The
corresponding table gives the poplar gene model, Arabidopsis ortholog, description,
biological process, molecular function, and correlation value of these ten genes.
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Gene description
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R-value

Potri.019G023100

AT5G23960

TPS21 terpene synthase

Metabolic processes; response to herbivore

Magnesium ion binding; terpene synthase activity

0.9621743

Potri.005G037200

AT5G06900

CYP93D1 cytochrome P450

Oxidation-reduction process

Iron ion binding; electron carrier activity; heme binding

0.9526164

Potri.T050600

AT3G23240

ERF1 ethylene response factor

Transcription regulation; ethylene signaling pathway

Regulation of transcription activity

0.9392225

Potri.005G200700

AT5G09360

LAC14 laccase

Lignin catabolic process; oxidation-reduction process

Copper ion binding; oxygen oxidoreductase activity

Potri.016G007900

AT4G31940

CYP82C4 cytochrome P450

Response to zinc ion; oxidation-reduction process

Monooxygenase activity; iron ion binding; heme binding

0.9318969

Potri.013G037000

AT4G08850

Leucine-rich repeat protein kinase

Protein phosphorylation; oligopeptide transport

Protein tyrosine kinase activity; ATP binding; transferase activity

0.9258816

Potri.T000400

AT5G23960

TPS21 terpene synthase

Metabolic process; response to herbivore

Magnesium ion binding; terpene synthase activity

0.9087465

Potri.003G217600

NA

NA

NA

NA

0.8947318

Potri.019G045400

AT5G23960

ATTPS21 terpene synthase

Metabolic process; response to herbivore

Magnesium ion binding; terpene synthase activity

0.892726

Potri.017G130100

AT5G37690

SGNH hydrolase-type esterase

Lipid metabolic process

Lipase activity; hydrolase activity

0.885188

0.937925
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A study conducted in 2017 identified bark-specific genes that controlled
features of texture, thickness, and stem diameter of bark tissue in Populus.
Quantitative Trait Loci (QTL) mapping was used, a statistical method that uses
microarray expression profiles to link variation in gene transcripts with identifiable
genetic markers. With this approach, phenotypic traits were associated with genetic
polymorphisms to isolate trait-specific genes. These genes were confirmed as
reproducible across test sites and compiled into a list with putative function of their
role in morphological differences in the development of bark and stem tissue. A total
of 95 unique genes were identified as related to the thickness, texture, and diameter
(Bdeir et al, 2017). When compared with results of the PTM match, only nine of these
genes were present in both gene lists.

FigureFigure
9.1: PTM
bark-specific
genes compared
to previous
findings
9.1. identified
Bark-specific
genes in current
study and Bdeir
et al. Quantity
of genes commonly identified as bark-specific between the two studies.
Bark-specific genes in current study

Bark-specific genes in article

.
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The expression values of these nine genes were then plotted in order to
evaluate their bark-specificity.

Figure 9.2. Expression of bark-specific genes in current study and Bdeir et al.
Expression values of the genes commonly identified as bark-specific between the
two studies.
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Finding that many of the genes commonly identified between the studies did
not exhibit only bark-specific expression, they were then searched for in the current
study to find their location based on correlation value to the bark-specific template
applied in PTM. The table below shows that while these genes were found to be
enriched in the bark tissue, in the current study, their location among the genes
identified as bark-specific was far from the top.
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Table 3. Location of bark-specific genes in current study and Bdeir et al
Gene Model

Rank in PTM

Potri.006G204200

316

Potri.013G152700

498

Potri.018G014800

900

Potri.006G196100

1,298

Potri.001G163600

1,422

Potri.018G137500

1,602

Potri.001G162100

1,754

Potri.006G209700

1,880

Potri.013G152400

1,943

Significant differences in methodology were present that could explain why
more genes were not commonly identified between the studies and why the
overlapping genes differed significantly in expression level. The prior study utilized
quantitative loci mapping (QTL) to find associations between genes rather than
simply looking at their expression levels as the current investigation did.
Furthermore, the prior study had more specific parameters to identify genes
responsible for certain textures of bark in poplar, instead of analyzing genes that were
bark-specific regardless of the texture (Bdeir et al, 2017).
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Phloem
3,036 probe sets and 2,629 genes were found to be significant according to the
phloem-specific expression template applied in PTM. There were 1.15 probe sets for
every gene identified. The total number of genes with a correlation value over 0.9 was
zero and the number over 0.7 was 16.

Figure 10. Phloem-specific genes. This figure shows the expression values of the ten
genes with the highest correlation value that matched as specific to the phloem. The
corresponding table gives the poplar gene model, Arabidopsis ortholog, description,
biological process, molecular function, and correlation value of these ten genes.
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Poplar gene model

TAIR gene model

Gene description

Biological process

Molecular function

Potri.003G159300

AT3G50120

NA

NA

NA

0.8553257

R-value

Potri.013G124600

AT1G60500

DRP4C dynamin related protein

NA

GTPase activity; GTP binding

0.7943108

Potri.003G131500

AT5G41470

Nuclear transport factor protein

NA

NA

0.7922443

Potri.015G030200

AT3G17730

NAC057 protein

Regulation of transcription

Regulation of transcription activity

Potri.006G042300

AT3G50170

DUF247 protein

NA

NA

0.7813927

Potri.T123600

AT1G67790

NA

NA

NA

0.7611893

Potri.010G173500

AT1G79480

Carbohydrate-binding X8 protein

NA

NA

0.7567979

Potri.007G111000

AT4G05430

Carbohydrate-binding X8 protein

NA

NA

0.7557823

Potri.018G002700

AT2G21080

NA

NA

NA

0.7356451

Potri.011G016200

AT3G18670

Ankyrin repeat family protein

NA

NA

0.7312685

0.783137
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A study conducted in 2016 aimed to examine genes differentially expressed in
phloem tissue in Populus trichocarpa in the aim to develop a phloem-specific
promoter sequence (Nguyen et al). Data from this study located 81 genes that were
strongly and differentially expressed in the phloem and five genes from this set were
functionally analyzed for promoter design. These genes were searched for within the
data collected from the phloem-specific PTM match to compare overlap and 40 were
present in the 2,629 genes identified in the current study.

Figure 10.1. PTM identified phloem-specific genes compared to previous
findings
Figure 10.1. Phloem-specific genes in current study and Nguyen et al. Quantity
of genes commonly identified as phloem-specific between the two studies.

Phloem-specific genes in current study

Phloem-specific genes in article
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The expression values of these forty genes were then plotted in order to
evaluate their phloem-specificity.
Figure 10.2. Expression of phloem-specific genes in current study and Nguyen
et al. Expression values of the genes commonly identified as phloem-specific
between the two studies.
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Expression of the genes commonly identified in the studies was strongly
phloem-specific. The article had identified five genes as being most specific to
phloem tissue, so these genes were searched for within the current study to find
their location based on correlation value to the phloem-specific template applied in
PTM.
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Table 4. Top five phloem-specific genes from Nguyen et al

Gene Model

Rank in article

Rank in PTM

Potri.012G090400

1

22

Potri.003G167100

2

1705

Potri.001G340200

3

111

Potri.004G209200

4

85

Potri.013G102900

5

NA

Four of the five top genes from the previous study were also found to be
phloem-specific in the current study. Differences in methodology could explain why
the remaining 41 genes did not appear as matches. In the 2016 article, gene
expression was analyzed and categorized in the following seven groups: shoot apical
meristem and leaf primordial, mature leaf without major veins, bark and mature
phloem, developing phloem, cambial zone, developing xylem, mature xylem, summer
stem, and winter stem. While several groups were similar between the studies, a
greater number were utilized in the current investigation. These differences likely
would account for a discrepancy in results.
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Cambium
3,575 probe sets and 3,066 genes were found to be significant according to
the cambium-specific expression template applied in PTM. There were 1.17 probe
sets for every gene identified. The total number of genes with a correlation value
over 0.9 was zero and the number over 0.7 was 4.

Figure 11. Cambium-specific genes. This figure shows the expression values of the
ten genes with the highest correlation value that matched as specific to the
cambium. The corresponding table gives the poplar gene model, Arabidopsis
ortholog, description, biological process, molecular function, and correlation value
of these ten genes.
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Potri.012G036300 AT1G34130

STT3B staurosporin

Protein glycosylation

Oligosaccharyl transferase activity

0.7206798

Potri.T133300

NA

0.7124854

AT2G28580

R-value

NA

NA

Potri.016G077800 AT2G36200

P-loop triphosphate hydrolase

Regulation of cell cycle; DNA replication; gene silencing Microtubule motor activity; ATP binding

0.7049039

Potri.009G025300 AT2G31900

ATMYO5 myosin-like protein

Regulation of cell cycle; DNA replication; methylation

Motor activity; protein binding; ATP binding

0.7012961

Potri.001G429100 AT4G27220

NB-ARC disease resistance protein

Defense response

Nucleotide binding; nucleoside-triphosphatase activity

Potri.015G131400 AT5G51600

MAP65-3 microtubule protein

Regulation of cell cycle; DNA replication; methylation

Microtubule binding

0.6658201

Potri.006G239800 AT1G67280

Glyoxalase/Bleomycin resistance

Metabolic process; response to abiotic stress

Lactoylglutathione lyase activity; metal ion binding

0.6525818

Potri.012G065200 AT3G42660

WD-40 repeat transducin protein

Regulation of cell cycle; DNA replication; methylation

Nucleotide binding

0.6467016

Potri.006G096400 AT3G09080

WD40 repeat-like transducin protein

NA

Nucleotide binding

0.6380561

Potri.006G237400 AT2G25790

Leucine-rich receptor protein kinase

Protein phosphorylation; response to auxin stimulus

Protein serine/threonine kinase activity; ATP binding

0.6372433

0.68646
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Developing Xylem
5,456 probe sets and 3,902 genes were found to be significant according to
the developing xylem-specific expression template applied in PTM. There were 1.17
probe sets for every gene identified. The total number of genes with a correlation
value over 0.9 was zero and the number over 0.7 was 221.

Figure 12. Developing xylem-specific genes. This figure shows the expression
values of the ten genes with the highest correlation value that matched as specific to
the developing xylem. The corresponding table gives the poplar gene model,
Arabidopsis ortholog, description, biological process, molecular function, and
correlation value of these ten genes.
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Poplar gene model
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Gene description
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Molecular function

Potri.008G182400

NA

NA

Pollen sperm cell differentiation

NA

0.8711073

R-value

Potri.T138300

AT1G79620

Leucine-rich repeat kinase

Protein phosphorylation; transmembrane
receptor signaling

Protein serine/threonine kinase activity; ATP binding

0.8660532

Potri.004G095100

AT1G66810

Zinc finger protein

NA

Nucleic acid binding; zinc ion binding

0.8551983

Potri.001G376700

AT3G14850

TBL41 trichome protein

NA

NA

0.8523384

Potri.005G070400

AT3G05270

DUF869 protein

NA

NA

0.8520183

Potri.001G267300

AT3G08500

MYB83 protein

Regulation of transcription, regulation of cell
wall biogenesis

Regulation of transcription activity

0.849719

Potri.T004700

AT1G04110

SDD1 subtilase protein

Proteolysis; metabolic process

Serine-type endopeptidase activity; protein binding

0.849074

Potri.018G026900

AT2G25430

ENTH clathrin assembly protein

Clathrin coat assembly

Phosphatidylinositol binding; clathrin binding

NA

NA

NA

NA

AT5G54690

GAUT12
galacturonosyltransferase

Xylem development; carbohydrate
biosynthetic process

Polygalacturonate 4-alpha-galacturonosyltransferase

0.8486733
Potri.007G135300

Potri.001G416800

0.848461
0.8475438
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A previous study identified 32 unique genes and developed promoters to drive
expression in the developing xylem in order to produce desired phenotypes that
could be used as biomass material (Ko et al). Twenty-nine of these genes were present
in the PTM match as specific to developing xylem.

Figure 12.1.
Developing
xylem-specific
genes in current
study and genes
Ko et al.
Figure
12.1. PTM
identified developing
xylem-specific
Quantity of genes commonly identified as developing xylem-specific between the
two studies.
Developing xylem-specific genes in current study

Developing xylem-specific genes in article

Almost all of the developing-xylem specific genes from the previous study
were categorized as such in the current study. The expression values of the twentynine genes identified as developing xylem-specific in both were then plotted.
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Figure 12.2. Expression of developing xylem-specific genes in current study
and Ko et al. Expression values of the genes commonly identified as developing
xylem-specific between the two studies.
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Expression of the genes present in both studies was mainly enriched in the
developing and mature xylem tissues. A small difference in methods between the
article and the current study was that the article selected for genes that were both
specifically and the most strongly expressed in the xylem tissue. In the current study,
genes were selected solely for differential expression in a particular tissue and not
the value of the expression.
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Mature Xylem
3,419 probe sets and 2,843 genes were found to be significant according to
the mature xylem-specific expression template applied in PTM. There were 1.2
probe sets for every gene identified. The total number of genes with a correlation
value over 0.9 was 2 and the total number over 0.7 was 60.

Figure 13. Mature xylem-specific genes. This figure shows the expression values
of the ten genes with the highest correlation value that matched as specific to the
mature xylem. The corresponding table gives the poplar gene model, Arabidopsis
ortholog, description, biological process, molecular function, and correlation value
of these ten genes.
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Gene description

Biological process

Molecular function

Potri.009G127900

AT3G61430

PIP1A membrane intrinsic protein

Glycolysis; cellular transport; response to abiotic stress

Transporter activity; water channel activity

R-value

Potri.011G148300

AT1G75500

WAT1 protein

Polysaccharide biosynthetic process; pattern specification process

NA

Potri.017G085000

AT3G28345

ABC transport protein

ATP catabolic process; transmembrane transport

Nucleotide binding; ATPase activity

0.8883539

Potri.007G046100

AT2G23360

DUF869 protein

Chromatin silencing; histone methylation

NA

0.8857738

Potri.002G249600

AT5G48540

Unknown protein kinase

Response to karrikin

NA

0.8806633

Potri.T158900

NA

NA

Fatty acid beta-oxidation; metabolic process; response to karrikin

3-hydroxyisobutyryl-CoA hydrolase activity

0.8793382

Potri.018G124900

AT5G20260

Exostosin protein

NA

Catalytic activity

0.8490503

Potri.002G237400

AT3G02060

DEAD/DEAH box helicase

DNA repair; heme biosynthetic process

Nucleic acid binding; ATP-binding

Potri.008G070200

AT3G55990

TBL29 protein

Regulation of transcription; response to cold and freezing

NA

0.8429799

Potri.005G053500

AT4G02590

UNE12 helix-loop-helix protein

Regulation of transcription; fertilization of zygote and endosperm

Regulation of transcription activity

0.8325595

0.9576923
0.923024

0.848049
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Female Catkin
6,228 probe sets and 5,088 genes were found to be significant according to
the female catkin-specific expression template applied in PTM. There were 1.22
probe sets for every gene identified. The total number of genes with a correlation
value over 0.9 was 4 and the number over 0.7 was 274.

Figure 14. Female catkin-specific genes. This figure shows the expression values
of the ten genes with the highest correlation value that matched as specific to the
female catkin. The corresponding table gives the poplar gene model, Arabidopsis
ortholog, description, biological process, molecular function, and correlation value
of these ten genes.
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Potri.018G004200

AT5G65940

CHY1 beta-hydroxyisobutyryl-CoA hydrolase

Valine catabolic process; fatty acid beta-oxidation

3-hydroxyisobutyryl-CoA hydrolase activity

0.9507662

Potri.T131000

AT5G65940

CHY1 beta-hydroxyisobutyryl-CoA hydrolase

Valine catabolic process; fatty acid beta-oxidation

3-hydroxyisobutyryl-CoA hydrolase activity

0.9421995

Potri.017G017800

AT4G04885

PCFS4 protein

mRNA adenylation; regulation of flower development

Protein binding; zinc ion binding

0.9228068

Potri.007G145300

AT2G43890

Pectin lyase-like protein

Carbohydrate metabolic process

Polygalacturonase activity

Potri.018G039700

NA

NA

NA

NA

0.8992707

Potri.003G033000

AT1G15360

SHN1, WIN1 Integrase-type protein

Regulation of transcription; ethylene signaling pathway

Regulation of transcription activity

0.8925679

Potri.009G069900

AT2G26870

NPC2 non-specific phospholipase

Phospholipid and triglyceride biosynthetic process

Hydrolase activity

0.8575917

Potri.003G082400

AT4G17550

Major facilitator superfamily protein

Transmembrane transport; phosphate ion homeostasis

Sugar/hydrogen symporter activity

0.8546987

Potri.007G028200

AT5G25620

YUC6 Flavin-binding monooxygenase

Auxin biosynthetic process; oxidation-reduction process

Monooxygenase /oxidoreductase activity

0.8438361

Potri.008G200500

AT5G18980

ARM repeat protein

NA

NA

0.8432921

0.912396
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Male Catkin
5,860 probe sets and 4,660 genes were found to be significant according to
the male catkin-specific expression template applied in PTM. There were 1.26 probe
sets for every gene identified. The total number of genes with a correlation value
over 0.9 was 2 and the number over 0.7 was 223.

Figure 15. Male catkin-specific genes. This figure shows the expression values of
the ten genes with the highest correlation value that matched as specific to the male
catkin. The corresponding table gives the poplar gene model, Arabidopsis ortholog,
description, biological process, molecular function, and correlation value of these
ten genes.
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Potri.013G153800

AT3G10985

ATWI-12 senescence associated gene

Response to stress; response to fungus; aging

NA

0.9425222

Potri.T143300

AT5G40990

GLIP1 GDSL lipase

Lipid metabolic process; ethylene signaling pathway

Lipase activity

0.9128743

Potri.019G065900

AT1G17680

Tetratricopeptide repeat- protein

RNA processing; cellular membrane fusion; flowering

NA

0.8730897

Potri.001G196400

AT3G13850

LBD22 protein

NA

NA

0.866934

NA

NA

NA

NA

NA

0.8648404

Potri.010G041400

AT1G70460

RHS10 root hair specific

Protein phosphorylation; cell differentiation and growth

Protein serine/threonine kinase activity

0.8598958

Potri.001G277500

AT5G12380

ANNAT8 annexin

Response to abiotic stress

Calcium ion binding

0.8588575

Potri.010G138200

NA

NA

NA

NA

Potri.019G061800

AT3G08720

ATPK2 serine/threonine protein kinase

Response to abiotic stress; intracellular signal transduction

Protein serine/threonine kinase

0.8558348

NA

AT5G58820

Subtilisin serine endopeptidase

NA

NA

0.8538604

R-value

0.856703
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A previous investigation identified a gene in poplar termed PTLF that was
significant in the flowering process (Rottman et al, 2000). When searched for within
the data of the present study, this gene was found to exhibit high expression in the
male catkin, as well as some expression in the female catkin and young leaves.

Figure 15.1. Catkin-specific gene PTLF. Expression value of a gene identified as
catkin-specific in a previous study.
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Roots
11,520 probe sets and 9,685 genes were found to be significant according to
the root-specific expression template applied in PTM. There were 1.19 probe sets
for every gene identified. The total number of genes with a correlation value over
0.9 was 127 and the number over 0.7 was 2,005.

Figure 16. Root-specific genes. This figure shows the expression values of the ten
genes with the highest correlation value that matched as specific to the roots. The
corresponding table gives the poplar gene model, Arabidopsis ortholog, description,
biological process, molecular function, and correlation value of these ten genes.
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Potri.007G086400

NA

NA

NA

NA

Potri.017G079500

AT5G15130

WRKY72 binding protein

Transcription factor; defense response

Regulation of transcription activity

0.9771036

Potri.002G109600

AT3G57230

AGL16

Regulation of transcription

Protein homodimerization activity

0.9765344

Potri.006G123400

AT5G57620

MYB36

Regulation of transcription

Regulation of transcription activity

0.974255

Potri.013G044500

AT4G14465

AHL20 AT-hook motif protein

Defense response to bacterium

Regulation of transcription activity

0.9740264

Potri.002G162300

AT2G22590

UDP-Glycosyltransferase protein

Metabolic process

Transferase activity

0.9730496

Potri.006G266000

AT5G25050

Major facilitator superfamily protein Transport

Transporter activity

0.9717901

Potri.002G174500

AT2G35930

PUB23 plant U-box

Ubiquitin-protein ligase activity
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Potri.001G176100

AT1G52800

2OG and Fe(II)-dependent oxygenase Oxidation-reduction process

Oxoreductase activity

0.9661332

MAPK cascade

R-value
0.977741
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A previous study discovered a novel gene strongly and specifically expressed
in the roots of poplar (Filichken et al). This gene was found to be the fifth most
differentially expressed in the roots by correlation value in the present study,
confirming its tissue-specificity.

Figure 16.1. Root-specific gene ET304. Expression value of a gene identified as
root-specific in a previous study.
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Another study compiled a collection of cis-elements expected to enhance root
development and created a synthetic promoter with eight root-specific motifs. Its
efficacy was later confirmed through the production of transgenic tobacco plants
(Mohan et al, 2017). These cis-elements were searched for in the promoters of the ten
most root-specific genes of the present study. Of the eight motif sequences, only the
first was prevalent in the promoters of the top root-specific genes. This cis-element,
ROOTMOTIFTAPOX1, was located at least nineteen times in every promoter while
many of the other sequences were absent or only present a couple of times.

Table 5. Presence of root-specific cis-elements in top ten root gene promoters

Cis-element

Sequence motif

ROOTMOTIFTAPOX1

ATATT

25

34

19

31

38

41

23

29

53

21

MYBCOREATCYCB1

AACGG

0

1

0

0

0

0

1

2

1

2

ELRECOREPCRP1

TTGACC

5

3

0

1

0

0

3

0

2

0

ARFAT

TGTCTC

3

1

1

3

1

0

0

1

0

0

LEAFYATAG

CCAATGT

3

0

0

1

0

0

1

1

0

0

MARTBOX

TTTATTTTTTT

0

0

0

0

0

1

1

0

1

0

NA

WRKY72 AGL16 MYB16 AHL16

UDPG MFSP PUB23 2OG PSP

44

DISCUSSION
Tissue-Specific Results
With 8,225 unique genes, the seedlings had the greatest number of significant
results after the roots. They also had high numbers of significant genes with a
correlation value greater than Pearson’s R of 0.9, suggesting that these genes
exhibited strong seedling-specificity. This result was interesting as seedlings could be
expected to have fewer group-specific genes as they are made up of many tissues at a
young age. Prior investigations focused on seedling-specific genes in poplar were not
found due to this, however results of the current study indicate that further research
in this area would be useful.
Apex-specific genes were also not found to have been studied exclusively in
poplar, but more so in Arabidopsis and in studies on meristem specific genes. The
most surprising result of this group in the current study was that the majority of the
top ten genes enriched in the apex were not fully annotated. Six had known gene
models and description, but only one of the ten had information on biological
processes and molecular function. Due to this, future studies on these genes would be
helpful in better understanding their role in development of the apex in poplars.
Results for the young and mature leaf groups were comparable with 3,164
genes identified as young-leaf specific and 3,181 genes identified as mature-leaf
specific. Finding a large number of tissue-specific genes for each group was somewhat
unexpected. While studies have not looked at genes in poplar broadly defined as
young or mature, this result suggests that the ages of the samples utilized provided
enough of an age difference to identify many unique genes responsible for growth and
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other processes. To isolate genes with very specific age-related function, it could be
useful to study leaf tissue samples from a greater number of stages.
The bark was found to have the fewest tissue-specific genes of all groups with
only 1,549 unique genes following PTM testing. Tree bark is known to develop from
the vascular cambium and consist of phloem and periderm tissue (Alonso-Serra et al,
2019). An overlap in genes critical to both the bark and phloem groups could
potentially explain the small number of bark-specific genes identified. However, all
but one of the ten genes most enriched in the bark had a full annotation, showing that
several were involved in metabolic processes and regulation of transcription activity.
The phloem tissue group had the fewest tissue-specific genes following the
bark with 2,629 unique genes. None of these phloem-enriched genes had a correlation
value greater than 0.9 when compared to the template applied in PTM. As phloem is
responsible for transport of proteins and hormones throughout the body of a plant,
understanding the genes behind its mechanisms is critical (Nguyen et al, 2016). It is
possible that breaking this group down into developing and mature phloem could
have yielded more results if the genes involved in these stages varied significantly.
Further research regarding phloem-specific genes could be helpful for improvement
of growth and development in poplars.
The cambium had a greater number of tissue-enriched unique genes than the
phloem, but none that had a correlation value above 0.9, and only four with a value
above 0.7. The cambium consists of secondary meristem cells located between the
xylem and the phloem. The genetic mechanisms of cambium have not been studied as
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frequently as the apical meristem but are gaining interest due to the role of the
cambium in radial plant growth (Nieminen et al, 2008).
Developing xylem was found to have a greater number of tissue-specific genes
than mature xylem, with 3,902 unique genes compared to 2,843. None of the
developing-xylem specific genes had a correlation value above 0.9, but 221 had a
value above 0.7. One of the top ten genes for this group was galacturonosyltransferase
(GAUT)12, which had previously been discovered to control recalcitrance in the
chemical composition of xylem in Populus deltoides (Biswal et al, 2018). The genes
comprising the top ten for mature xylem consisted mostly of transcription factors and
proteins responsible for response to stressors. A greater depth of research is needed
for both groups especially because of the importance of xylem tissue in the use of
poplars for woody biomass.
Both the female and catkins had many significant unique genes, with 5,088 and
4,660 respectively. They also each had over two hundred genes with a correlation
value above 0.7. Each group was found to have one gene in the top ten known to
regulate flowering processes. As the reproductive organs in plants, studies have
genetically modified floral regulatory genes in poplar to produce sterile catkins
without impacting development (Klocko et al, 2018). Further understanding of their
developmental processes and specific genetic mechanisms will be helpful in this aim
in the future.
As mentioned before, the roots had the greatest number of tissue-specific
genes with many having high correlation values. In fact, they were the only tissue to
have over one hundred genes with a Pearson’s R value above 0.9 as well as over 2,000
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above 0.7. Interestingly, the gene identified as having the highest correlation value
specific to root tissue had no annotation. The other nine were mainly responsible for
regulation of transcription activity and defense responses.

Further Root Analysis
As the roots had the greatest number of significant tissue-specific genes of all
groups, they were analyzed in greater detail than the rest. In order to confirm their
root-specificity the following primers were developed in silico for future use in
cloning and transformation.

Table 6. Primers designed for root-specific genes
Gene Model

Symbol

Forward Primer

Reverse Primer

Length Anneal Temp ◦C

Potri.007G086400

NA

GCTTATTAGGTTACTTCTTTCCCCA

GCTAAATGTGTTTGGTTCTGGGA

3002

63.5

Potri.017G079500

WRKY72 ATATGGTAGCAGATGCTTTAAGTCG

TTCGAAAACACCCTTTTCAGCA

2900

63.8

Potri.002G109600

AGL16

TGTTTTAAACTTGAGTGAGGAGC

GCTGCAAGAGCAGTTTCATATTG

2990

62.2

Potri.006G123400

MYB16

AGTCAATGCACTTGTACTACCAACA

TTTGATGGATGTGGGGAAGGG

3000

65.4

Potri.013G044500

AHL20

TTAAGAGAGGTAGCTTTTGGCTTTG

TTGCCTTGATTTGGGGTGCG

3000

64.3

Potri.002G162300

UDPG

CCGACCCGTCGACTCAT

TCGAAGCCCAAAGTTTTAGAGT

3011

63.1

Potri.006G266000

MFSP

ATGAGAGGATTGTGAGAGCGTC

GTGTGTTCCCAAAGTGGGTTT

3004

64.4

Potri.002G174500

PUB23

TGGTTATGGTTATTAGATTGCGGC

TTCTTGTTCCTCTCTTTGCATACTA 2810

63.0

Potri.001G176100

2OG

GCACCCTTTAATGTACAAGCCA

TTGAGATGTTGCGCAATTTAGTGT

3014

64.2

Potri.003G214500

PSP

GGTCGAGCTGCTATAACGGT

GTAGTCAGTTGGGACCTGGC

3078

64.6
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CONCLUSION

With great potential for use as biomass fuel and other applications, genetic
research on woody plants such as poplar will continue to increase in importance.
The findings of this investigation highlight the need to further explore tissue-specific
gene expression. Especially within the root and seedling groups, further studies
should be conducted to functionally analyze the identified genes. Several of the
other tissue and organ groups lacked prior studies to compare findings to, and
research in these areas would provide context for the results. As this study was
conducted in silico, we did not confirm expression of identified tissue-specific genes
through transformation. A next step would be to design primers for all groups,
amplify the promoters, and create transgenic poplars for future functional studies to
better understand tissue-specific genetic mechanisms in poplar.
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